INTRODUCTION
============

Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is crucial for tumour growth and cancer progression, implying that anti-angiogenic drugs are likely to be of importance in the treatment of neoplasia ([@b47-0060115]; [@b2-0060115]). Angiogenesis involves coordinated endothelial-cell proliferation, migration and tube formation and is influenced both by growth factors, such as vascular endothelial growth factor (VEGF), and by cell adhesion molecules such as integrins ([@b29-0060115]; [@b13-0060115]; [@b32-0060115]; [@b43-0060115]). A favourable shift in the local concentrations of pro-angiogenic mediators is required for tumour neovascularisation to occur ([@b16-0060115]; [@b2-0060115]; [@b11-0060115]; [@b3-0060115]; [@b1-0060115]; [@b35-0060115]).

The increased expression of αvβ3-integrin on newly formed vessels was considered to be a pro-angiogenic event ([@b42-0060115]; [@b26-0060115]), and αvβ3 antagonists have been shown to inhibit angiogenesis in some preclinical settings ([@b6-0060115]; [@b7-0060115]; [@b30-0060115]; [@b46-0060115]; [@b10-0060115]; [@b28-0060115]). By contrast, we have shown previously that mice lacking β3-integrin exhibit enhanced tumour angiogenesis and VEGF-stimulated angiogenesis, suggesting strongly that the absence of β3-integrin confers a pro-angiogenic phenotype in endothelial cells ([@b39-0060115]; [@b36-0060115]). Indeed, *β3*-null cells have high expression of the pro-angiogenic receptor FLK1 (VEGF-receptor 2), which suggests that β3-integrin negatively regulates FLK1 expression ([@b36-0060115]).

To understand further the molecular basis of angiogenesis, we have exploited *β3*-null endothelial cells to identify novel genes that regulate angiogenesis. We have shown that ribosomal protein L29 (RPL29) is upregulated significantly in *β3*-null endothelial cells compared with wild-type controls. RPL29 plays an important role in protein synthesis, being a component of functionally stable ribosomes ([@b5-0060115]; [@b18-0060115]). *Rpl29*-null embryonic fibroblasts have decreased rates of proliferation and protein synthesis ([@b18-0060115]). Although a synthetic RPL29 peptide has been shown to inhibit VEGF-and FGF-induced angiogenesis via its interaction with cell surface heparin and/or heparan sulphate proteoglycans ([@b4-0060115]), endogenous, cellular RPL29 has not been shown to be involved in angiogenesis.

Here, we establish that RPL29 is upregulated significantly in *β3*-null endothelial cells and demonstrate that inhibition of RPL29 by genetic ablation or short interfering RNA (siRNA)-mediated depletion is sufficient to inhibit angiogenesis both in vivo and ex vivo.

RESULTS
=======

Differential gene expression between wild-type and *β3*-null endothelial cells
------------------------------------------------------------------------------

We have shown previously that mice lacking β3-integrin exhibit enhanced tumour angiogenesis, suggesting strongly that the absence of αvβ3-integrin confers a pro-angiogenic phenotype in endothelial cells ([@b39-0060115]). Here, we describe exploitation of *β3*-null endothelial cells to identify novel regulators of angiogenesis.

###### TRANSLATIONAL IMPACT

**Clinical issue**

Angiogenesis, the formation of new blood vessels, is required for tumour growth and progression. The potential of antiangiogenic therapy to treat cancer is illustrated by results from clinical trials in which patients were treated with Avastin (an inhibitor of angiogenesis) plus chemotherapy. However, existing treatment regimes have relatively poor efficacy, and there is much room to improve antiangiogenic cancer therapy. In addition, more work is required to elucidate the precise molecular mechanisms of angiogenic regulation in order to design rational strategies.

**Results**

In this paper, the authors examined gene expression in blood vessel endothelial cells isolated from mice lacking αvβ3 integrin cell adhesion protein. The authors showed previously that mice lacking β3-integrins support enhanced tumour angiogenesis, so studying mice lacking endothelial αvβ3 provides a way to discover novel regulators of tumour angiogenesis. This approach showed that cellular ribosomal protein L29 (RPL29) was markedly upregulated in *β3*-null endothelial cells at both the mRNA and protein level. Examination of aortic rings showed that VEGF-stimulated microvessel sprouting was significantly reduced in *Rpl29*-heterozygous and *Rpl29*-null mice compared with wild-type controls. Moreover, tumour blood vessel density in subcutaneously grown Lewis lung carcinomas was significantly reduced in *Rpl29*-heterozygous mice. Finally, siRNA-mediated depletion of *Rpl29* inhibited VEGF-induced aortic ring sprouting.

**Implications and future directions**

These findings demonstrate that loss or deletion of RPL29 in endothelial cells inhibits vascular sprouting, introducing a new regulator of angiogenesis. They also suggest that inhibition of RPL29 is a potential strategy for anti-angiogenic therapy. Notably, it has been shown that RPL29 is upregulated in some malignancies. It is conceivable that RPL29 inhibitors would target both tumour cells and the stroma (which includes endothelial cells) if used as a potential cancer therapy. Further studies will be required to discover whether targeting blood vessels with small molecules targeting RPL29 can inhibit angiogenesis.

Using Illumina Bead Chips for gene expression profiling, we identified 12 genes whose expressions were increased or decreased significantly in *β3*-null endothelial cells compared with wild-type endothelial cells (*P*\<1×10^−6^, Benferroni correction \<0.05). We also identified an additional 75 genes with twofold change of expression and *P*\<0.01, and 73 genes with twofold change of expression and *P*\<0.05 ([Fig. 1](#f1-0060115){ref-type="fig"}). *β3*-null mice were generated by replacing a fragment of β3-integrin gene with a neomycin resistance (NeoR) cassette ([@b12-0060115]). As expected, NeoR-S was the most significantly changed gene with the highest fold change and thus acted as an excellent internal control. By contrast β3-integrin expression was decreased significantly in *β3*-null endothelial cells compared with wild-type endothelial cells. In total, 87 genes including NeoR-S and β3-integrin were expressed at significantly (*P*\<0.01) higher or lower levels (at least twofold difference) in *β3*-null endothelial cells compared with wild-type controls ([supplementary material Tables S1, S2](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)).

![**Differential gene expression between *β3*-null and wild-type mouse primary endothelial cells.** Volcano plot of gene expression ratios versus *P*-values. Dots represent significant differential gene expression (*P*\<0.05) between *β3*-null and wild-type (WT) mouse primary endothelial cells from three independent endothelial preparations. Red diamonds, orange triangles and blue triangles represent genes with significant gene expression ranges of *P*\<1×10^−6^ (Bonferroni correction *P*\<0.05), *P=*1×10^6^ to 0.01 and *P=*0.01 to 0.05, respectively. The horizontal line marks the *P* -value threshold (top *P=*1×10^−6^, middle *P=*0.01, bottom *P=*0.05). The number of genes up- and downregulated within each significant gene expression range is given. The vertical dashed lines represent twofold differences in expression between *β3*-null and wild-type endothelial cells.](DMM009183F1){#f1-0060115}

Validation of gene expression
-----------------------------

Real time PCR analysis of the nine most upregulated genes in *β3*-null endothelial cells showed that only Retinoic Acid Early Transcript, gamma (*Raet1γ*) and *Rpl29* mRNA expression were upregulated significantly in *β3*-null endothelial cell samples ([Fig. 2A](#f2-0060115){ref-type="fig"}). As expected, β3-integrin mRNA levels were low in *β3*-null endothelial cells. RAET1γ is a cell surface protein that is related to major histocompatibility complex (MHC) class I protein, which binds to NKG2D found on NK cells and subsets of T-lymphocytes ([@b22-0060115]). At the protein level, no change in RAET1γ expression was detectable between wild-type and *β3*-null primary endothelial cells ([supplementary material Fig. S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)) and was, therefore, not pursued further. By contrast, RPL29 protein levels were upregulated significantly in *β3*-null endothelial cells compared with wild-type controls ([Fig. 2B,C](#f2-0060115){ref-type="fig"}). The *Rpl29* gene encodes a basic protein that is known to regulate protein synthesis ([@b24-0060115]; [@b14-0060115]), is upregulated in *β3*-null endothelial cells and is, therefore, possibly important in angiogenesis. Thus, we decided to further investigate the role of RPL29 in neovascularisation processes.

![**Validating the differential expression of *Rpl29* mRNA and protein.** (A) Real-time PCR verified that the levels of mRNA encodingβ3-integrin were downregulated and that *Raet1γ* and *Rpl29* mRNA were upregulated in *β3*-null endothelial cells compared with wild-type endothelial cell controls. *β-Actin* was used as loading control, and data are represented relative to wild-type controls (*n*=3--5 samples/genotype). (B) Western blot analysis of RPL29 and β3-integrin levels in wild-type and *β3*-null endothelial cell lysates shows that RPL29 protein levels are increased in *β3*-null endothelial cells. HSC70 was used as a loading control. (C) Quantification of RPL29 protein expression in wild-type and *β3*-null endothelial cells. Western blot data are represented as densitometry readings of RPL29 protein levels relative to HSC70 (*n*=3 separate protein lysates/genotype). For all bar charts, values are given as means + s.e.m. \**P*\<0.05, \*\**P*\<0.01.](DMM009183F2){#f2-0060115}

RPL29 can regulate angiogenesis
-------------------------------

We first decided to test the importance of RPL29 directly in VEGF-mediated angiogenesis. Using a genetic ablation approach, we showed that endothelial cells isolated from *Rpl29*-null mice had no detectable *Rpl29* mRNA or RPL29 protein and that *Rpl29*-heterozygous endothelial cells had approximately half-normal levels of *Rpl29* mRNA and RPL29 protein ([Fig. 3A,B](#f3-0060115){ref-type="fig"}). VEGF-stimulated angiogenesis was then tested using ex vivo aortic ring assays. Aortic rings, isolated from wild-type, *Rpl29*-heterozygous and *Rpl29*-null embryos at embryonic day 18.5 (E18.5), were treated with VEGF or PBS and the number of emerging microvessel sprouts counted after 5 days in three-dimensional culture. In general, VEGF-stimulation increased microvessel sprouting significantly compared with PBS-treated controls. However, VEGF-stimulated microvessel sprouting was reduced significantly in *Rpl29*-heterozygous and *Rpl29*-null aortic rings compared with wild-type controls ([Fig. 3C](#f3-0060115){ref-type="fig"}). This change in sprouting activity did not correlate with any changes in endothelial cell proliferation ([supplementary material Fig. S2](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)). These data provide the first evidence that reduction of RPL29 levels is sufficient to inhibit VEGF-mediated angiogenesis.

![**Reduced VEGF-stimulated microvessel sprouting in *Rpl29*-heterozygous and *Rpl29*-deficient aortic rings.** (A) RT-PCR analysis showed that *Rpl29* mRNA levels were reduced and absent in mouse endothelial cells isolated from *Rpl29*-heterozygous and *Rpl29*-null mouse lungs, respectively. *βActin* was used as loading control (*n*=3 independent samples per genotype). (B) Western blot analysis of RPL29 protein expression in wild-type, *Rpl29*-heterozygous and *Rpl29*-null mouse endothelial cells. HSC70 acts as a loading control. Bar chart represents densitometry readings from western blots of RPL29 levels relative to HSC70 (*n*=3 independent protein samples per genotype). (C) Wild-type, *Rpl29*-heterozygous and *Rpl29*-null aortic rings were stimulated with VEGF and microvessel sprouts counted after 5 days in culture. Representative images of microvessel sprouts immunostained for BS1-lectin are given. Bar chart represents quantification of the number of microvessels per aortic ring in the presence or absence of VEGF for all three genotypes (*n*=27--56 aortic rings per genotype). For all bar charts, values are given as means + s.e.m. \**P*\<0.05, \*\**P*\<0.01.](DMM009183F3){#f3-0060115}

Despite the reductions in VEGF-stimulated angiogenesis no changes in surface levels of VEGF-receptor 2 (FLK-1) were observed in either the *Rpl29*-heterozygous or *Rpl29*-null endothelial cells ([supplementary material Fig. S3A](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)). In addition, no changes in β3-integrin levels were observed ([supplementary material Fig. S3B](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)). Also, using siRNA against *Rpl29* in endothelial cells we did not observe a reduction in ERK phosphorylation following VEGF stimulation ([supplementary material Fig. S4](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)). These results suggest that RPL29 regulation of angiogenesis is probably not via FLK-1 or β3-integrin.

Endogenous RPL29 can regulate tumour angiogenesis
-------------------------------------------------

To determine whether stromal RPL29 expression affects tumour growth and angiogenesis, we injected *Rpl29*-heterozygous and wild-type mice subcutaneously with 5×10^5^ luciferase-tagged Lewis lung carcinoma (LLC-luc) cells and monitored tumour growth over time. The early lethality of RPL29-null mice, in our hands, meant that it was not possible to conduct tumour growth assays in these mice. Calliper measurements of the tumours showed no significant difference in tumour sizes between the wild-type controls and *Rpl29*-heterozygous mice ([Fig. 4A,B](#f4-0060115){ref-type="fig"}). However, the tumours grown in *Rpl29*-heterozygous mice had significantly higher levels of hypoxia ([Fig. 4C](#f4-0060115){ref-type="fig"}). In line with this finding, bioluminescence readings, which are known to decrease in hypoxic tissues ([@b27-0060115]), were reduced significantly in LLC-luc tumours grown in *Rpl29*-heterozygous mice compared with wild-type controls ([Fig. 4D](#f4-0060115){ref-type="fig"}), suggesting that reduced levels of stromal RPL29 are sufficient to increase tumour hypoxia. We did not observe any effect of *Rpl29*-heterozygozity on tumour metastasis or tumour cell proliferation and apoptosis ([supplementary material Figs S5, S6](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)).

![**Increased hypoxia in tumours grown in *Rpl29*-heterozygous mice.** (A) Wild-type and *Rpl29*-heterozygous mice were injected with LLC-luc and the tumour size measured over time. No differences in tumour volumes were observed between the genotypes. (B) Images of representative tumours grown in wild-type and *Rpl29*-heterozyous mice at day 16 post-inoculation. (C) Midline sections of size-matched tumours from wild-type and *Rpl29*-heterozygous mice were analysed for hypoxia levels. Tumour-burdened wild-type and *Rpl29*-heterozygous mice were injected with pimonidazole to assess tumour hypoxia. Tumour sections were stained for pimonidazole to detect areas of tumour hypoxia (green). Hypoxia was assessed as the percentage of tumour section area occupied by pimonidazole-positive staining. Counter stain using DAPI reveal nuclei. Bar chart represents mean pimonidazole per tumour area + s.e.m. (*n*=4). A significant increase in hypoxia was observed in tumours grown in *Rpl29*-heterozygous mice. Arrowheads indicate pimonidazole-positive areas of tumour sections. (D) Bioluminescence images of LLC-luc tumours grown in wild-type and *Rpl29*-heterozygous mice visualised on day 14 post-inoculation. Graph represents bioluminescence readings for both genotypes over a time-course post inoculation (*n*=10 mice per genotype). All graphs represent means ± s.e.m. \**P*\<0.05.](DMM009183F4){#f4-0060115}

Given that the level of tumour hypoxia can correlate with the degree of tumour vascularisation, we next analysed the blood vessel density of the tumours in *Rpl29*-heterozygous and wild-type mice. Sized-matched, 16-day-old tumours from wild-type and *Rpl29*-heterozygous mice were taken and the number of CD31-positive blood vessels per unit area across entire midline sections was assessed. Tumour blood vessel density was reduced significantly in *Rpl29*-heterozygous mice compared with wild-type controls ([Fig. 5](#f5-0060115){ref-type="fig"}), suggesting that heterozygous levels of RPL29 are sufficient to inhibit tumour angiogenesis without affecting overall tumour burden. No significant differences in blood vessel count were observed in unchallenged skin from wild-type and *Rpl29*-heterozygous mice ([supplementary material Fig. S7](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)).

![**Blood vessel density is decreased in LLC-luc tumours grown in wild-type and *Rpl29*-heterozygote mice.** Representative images of CD31 staining in LLC-luc tumours grown in wild-type and *Rpl29*-heterozygous mice reveal the tumour blood vessels. Inserts show high magnification images. Midline sections of size-matched tumours were immunostained for CD31 and numbers of blood vessels across entire sections counted. The bar chart represents the mean + s.e.m. of the number of blood vessels per square millimetre of tumour section (*n*=4 mice per genotype), \**P*\<0.05.](DMM009183F5){#f5-0060115}

Depletion of *Rpl29* inhibits angiogenesis
------------------------------------------

We then took an RNA interference approach to test the effect of RPL29 depletion on angiogenesis in vitro. Real time PCR showed that transfection of endothelial cells with *Rpl29*-siRNA was sufficient to deplete *Rpl29* levels significantly ([Fig. 6A](#f6-0060115){ref-type="fig"}). Although cell surface RPL29 was not detectable in cultured endothelial cells ([Fig. 6B,C](#f6-0060115){ref-type="fig"}) it was apparent in the cell cytoplasm. siRNA-mediated depletion of RPL29 reduced cytoplasmic RPL29 protein levels significantly ([Fig. 6C,D](#f6-0060115){ref-type="fig"}). Together, these data indicate that siRNA-mediated depletion provides a good method for the reduction of RPL29 expression. We then tested the effect of RPL29 depletion on VEGF-induced microvessel sprouting of aortic rings. Microvessel sprouting was increased in control (mock transfection) and scrambled-siRNA-transfected wild-type aortic rings after stimulation with VEGF. By contrast, *Rpl29*-depletion significantly reduced VEGF-stimulated microvessel sprouting to levels comparable with those using siRNA against Flk1 ([Fig. 6E](#f6-0060115){ref-type="fig"}). Similar results were obtained for RPL29 depletion in *β3*-null aortic rings ([supplementary material Fig. S8A](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)). Expression of *Rpl29* mRNA was significantly reduced in aortic rings following *Rpl29*-siRNA treatment in comparison with scrambled siRNA ([supplementary material Fig. S8B](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)). This reduction in sprouting following *Rpl29*-siRNA treatment did not correlate with any changes in endothelial cell proliferation, cell migration or protein synthesis ([supplementary material Figs S9--S11](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)). These data provide evidence that RPL29 acts as a regulator of VEGF-mediated angiogenesis and that inhibition of endogenous RPL29 expression can reduce angiogenesis.

![**siRNA-mediated depletion of *Rpl29* inhibits microvessel sprouting in wild-type mouse aortic rings**. (A) RT PCR of wild-type endothelial cells transfected with either scrambled (SCM)-siRNA or *Rpl29*-siRNA at 10 nM or 100 nM concentrations. Mock-transfected cells acted as a transfection control (Cont). *β-Actin* was used as the real time PCR control for loading. Bar chart represents *Rpl29* mRNA levels relative to control and shows that this approach reduces *Rpl29* mRNA levels significantly. (*n*=3 samples per group). (B) Flow cytometric analysis of RPL29 surface expression in wild-type mouse endothelial cells transfected with either SCM-siRNA or *Rpl29*-siRNA, compared with mock-transfected controls (Control). RPL29 was not detectable at significant levels on the surface of mouse endothelial cells. (C) Immunofluorescence analysis reveals that RPL29 protein is detectable in the cytoplasm of mouse endothelial cells in both control and SCM-siRNA transfected samples. *Rpl29*-specific depletion, using *Rpl29*-siRNA, reduced *Rpl29* expression substantially. Phalloidin for F-Actin and DAPI were used to counterstain the cells. (D) Western blot analysis of RPL29 protein expression in wild-type mouse endothelial cell lysates after control transfection, transfection with SCM-siRNA or transfection with *Rpl29*-siRNA. HSC70 acts as a loading control. RPL29 protein levels were reduced significantly after *Rpl29*-specific depletion. Bar chart represents densitometry readings from western blots of RPL29 relative to HSC70 (*n*=3 independent protein samples per genotype). (E) Wild-type mouse aortic rings were either control-transfected or transfected with SCM-siRNA, Flk1-siRNA or *Rpl29*-siRNA and stimulated with 30 ng/ml VEGF. Emerging microvessels were counted at 8 days. Bar chart represents number of microvessels per aortic ring in the presence or absence of VEGF (*n*=12--20 aortic rings per group). *Rpl29* depletion reduced microvessel sprouting to the same extent as depletion of the major VEGF-receptor, Flk1. For all bar charts, values are given as means + s.e.m. \**P*\<0.05, \*\**P*\<0.01.](DMM009183F6){#f6-0060115}

DISCUSSION
==========

Using *β3*-null endothelial cells, as a paradigm of enhanced angiogenesis ([@b39-0060115]; [@b36-0060115]), we sought to identify novel genes that were differentially expressed in *β3*-null cells and that therefore might play a part in angiogenesis. Our work demonstrates proof-of-principle that identifying the genes that are upregulated in *β3*-null endothelial cells can identify novel modulators of angiogenesis. *Raet1γ* and *Rpl29* mRNA were upregulated significantly in *β3*-null endothelial cells. However, only RPL29 was shown to be upregulated significantly at the protein level. RPL29 is a small, highly basic polyanion binding protein with multiple functions and whose role in angiogenesis was previously unclear. Our data establish a novel role for RPL29 in angiogenesis.

We have demonstrated that heterozygous levels of RPL29 reduce microvessel sprouting in aortic rings and blood vessel density in subcutaneous tumours, and that depletion of *Rpl29* with siRNA significantly inhibits VEGF-mediated microvessel sprouting. In addition, heterozygous levels of stromal *Rpl29* were not sufficient to affect tumour bulk but did increase tumour hypoxia. However, the reduced success of available anti-angiogenic agents might be partially due to their effect on increasing hypoxia within the tumour environment, thus elevating metastasis ([@b9-0060115]; [@b33-0060115]). We have shown that, in our model, metastasis is not altered in *Rpl29*-heterozygous mice.

Some reports have shown that RPL29 can be expressed at the cell surface of some human tumour cells and at the interface of human foetal-maternal surface. However, in mouse cells the surface expression of RPL29 has not been demonstrated ([@b18-0060115]) and our data corroborate this finding. At the surface of human cells, the heparin/heparan sulphate binding property of RPL29 can regulate responses to growth factors ([@b40-0060115]; [@b17-0060115]; [@b25-0060115]; [@b41-0060115]; [@b21-0060115]; [@b4-0060115]). Indeed, application of synthetic RPL29 peptides has been shown to interfere with heparan sulphate binding to VEGF and FGF thus inhibiting angiogenesis ex vivo ([@b4-0060115]). These data suggest that synthetic RPL29 peptides, when used exogenously, can inhibit angiogenesis. By contrast, we show that endogenous RPL29 might play a part in enhancing angiogenesis. As to how RPL29 can regulate angiogenesis, this requires further investigation. We have data to indicate that, in endothelial cells, RPL29 is not expressed at the cell surface but is expressed within the cytoplasm. Thus, its function in the regulation of protein synthesis might play a crucial role in promoting rather than inhibiting angiogenesis at the cell surface. Given that there is a growing interest in the role of endothelial metabolism in tumour angiogenesis, our work potentially provides some novel insights into this area of research.

We show that specifically targeting stromal RPL29 might not be an effective strategy for control of cancer growth, despite its anti-angiogenic potential. However, because RPL29 has been shown to play a role in maintaining cancer cells in a de-differentiated state and thus allowing uncontrolled cell proliferation to occur ([@b23-0060115]), it is conceivable that RPL29 inhibitors might have the benefit of targeting cells in the tumour and stromal compartment, including endothelial cells, if used as a potential cancer therapeutic agent ([@b15-0060115]; [@b23-0060115]). In short, our results establish RPL29 as a possible regulator of neovascularisation and provide a novel insight into the molecular control of pathological angiogenesis. We speculate that future experiments could test the efficacy of anti-RPL29 agents in combination with chemotherapeutics against cancer, and that similar anti-RPL29 strategies could possibly be applied to other vascular diseases such as arthritis and age-related macular degeneration ([@b19-0060115]).

METHODS
=======

Reagents and antibodies
-----------------------

VEGF-A164 was isolated in-house according to a published method ([@b20-0060115]). Antibodies for immunostaining, western blotting and flow cytometry were as follows: anti-CD31 (Becton Dickinson, Oxford, UK), pimonidazole hydrochloride (hypoxyprobe-1; HPI, Burlington, MA), HSC-70 (Autogen Bioclear, Oxfordshire, UK) and polyclonal anti-HIP/RPL29 peptide 43--53 antibody (kindly given to us by C.B.K.-S.) ([@b18-0060115]). As controls, rabbit serum (Sigma, Poole, UK) or isotype-matched antibodies were used. For primary mouse endothelial cell media (MLEC) the following were used: endothelial cell growth mitogen (Abd Serotec, Oxford, UK), foetal calf serum (Biowest, Miami, FL), fibronectin (Millipore, Beeston, UK), Vitrogen (ICN Biosciences, Irvine, CA), Ham's F-12, and Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Paisley, UK).

Animals
-------

All animals were used in accord with United Kingdom Home Office regulations. *β3*-integrin-deficient ([@b12-0060115]) and wild-type control mice were used at 8--12 weeks of age. *Rpl29*-heterozygote mice ([@b18-0060115]) were inter-crossed to provide wild-type, *Rpl29*-heterozygous and *Rpl29*-null mice on a C57BL6/J background. It is noteworthy that, in our hands, *Rpl29*-null mice did not survive after birth and therefore were not available for any adult tumour angiogenesis assays.

Genotyping *Rpl29*-null mice by PCR
-----------------------------------

Tail or earsnip were collected for genotyping. The primers for *Rpl29* were as follows: forward primer 5′-CATGCTAACACCACGCTCTT-3′; reverse primer A 5′-TGTAGTCACGGATGTCATCG-3′ and reverse primer B 5′-AACCTAGCTGAGACTCGCCT-3′. The reaction generates a fragment of approximately 389 base pairs for wild-type and 400 base pairs for *Rpl29* knockout mice. The amplification reactions were performed simultaneously under the same conditions as follows: 3 minutes at 94°C, 30 seconds at 94°C, 30 seconds at 60°C, 1 minute 30 seconds at 72°C for 30 cycles and a 10-minute terminal extension at 72°C.

Primary lung endothelial cell isolation
---------------------------------------

Lung endothelial cells were prepared as described previously from wild-type, *β3*-null, *Rpl29*-heterozygous and *Rpl29*-null mice ([@b38-0060115]). Lungs were minced; digested with 0.1% collagenase type I (Gibco Invitrogen, Paisley, UK) in PBS for 30 minutes; passed through a 70-μm pore cell strainer (BD Falcon, Bedford, MA); resuspended in MLEC media containing a 50:50 mix of Ham's F-12:DMEM medium supplemented with 20% FCS, 20 μg/ml endothelial mitogen (Abd Serotec), 1 μg/ml heparin (Sigma), glutamine and antibiotics; and plated onto tissue-culture flasks pre-coated with a mixture of PureCol (Nutacon, The Netherlands), human plasma fibronectin (Millipore, Beeston, UK), and 0.1% gelatine. Endothelial cells were cultured and purified over a 2- to 3-week period by a series of magnetic immunosortings with Dynabeads (Invitrogen), including a single negative sort using antibodies to the Fc III/II receptor (Abd Serotec) to remove macrophages, followed by at least two positive sorts using antibodies to ICAM-2 (Abd Serotec) to enrich for the endothelial cell population.

siRNA transfection
------------------

For primary MLEC, 24 hours prior to transfection, wild-type and *β3*-null endothelial cells were counted and seeded at 6×10^4^ cells per well of a six-well plate, in medium without antibiotics, to generate a 30--50% confluent monolayer on the day of transfection. For immortalised Polyoma Middle T (PmT) endothelial cells, transfection of siRNA was performed on 0.5×10^6^--1×10^6^ cells by electroporating them using the Basic Amaxa Nucleofector Kit designed for primary mammalian endothelial cells (Lonza, Slough, UK) following the manufacturer's instructions. For *Rpl29* and *Flk1* knockdown an ON-TARGETplus SMARTpool (Dharmacon, Thermo Fisher Scientific, Epsom, UK) was used. This pool consists of four individual siRNAs, each targeting a different region of the same mRNA. For control, a scrambled siGENOME non-targeting siRNA pool (SCM) was used (Dharmacon)

RNA extraction
--------------

Endothelial cells were purified with ICAM-2 positive selection with Dynabeads (Invitogen) to reduce possible fibroblast cell contamination. Cells were rinsed with PBS and drained thoroughly. RNA was extracted from the cells using RNeasy Mini Kit (Qiagen, Crawley, UK) following manufacturer's instructions. The quantity and the quality of RNA extracted were assessed using NanoDrop ND 1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and the Agilent 2100 Bio-analyzer (Agilent Technologies, Palo Alto, CA), respectively. Only RNA with RNA integrity number (RIN) of 10 was used. RNA samples were stored at −80°C.

mRNA Illumina expression analysis
---------------------------------

A total of 250 μg of cellular RNA was amplified and labelled with Illumina TotalPrep RNA Amplification Kit (Ambion, Warrington, UK) and cRNA quantity and quality was assessed using the manufacturer's protocol. Labelled, amplified material (700 ng per array) was hybridised to the Illumina Sentrix MouseRef-6 Bead Chip according to manufacturer's instructions (Illumina, San Diego, CA). Array data processing and analysis was performed using Illumina BeadStudio and Bioconductor software (Beadarray) ([@b44-0060115]; [@b8-0060115]). Bioconductor sample data was background-subtracted using the mean signal from the negative controls. Low signals were thresholded to 0.01. Data were quantile normalised and transformed to log base 2. Differential expression between samples was assessed using the 'limma' package ([@b45-0060115]). A false discovery rate Benferroni correction below 0.05 (*P*\<1×10^−6^) was considered significant.

Reverse transcriptase and quantitative PCR
------------------------------------------

cDNA was synthesised by reverse transcription of RNA using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) following the manufacturer's instructions. Real-time quantitative PCR (qPCR) reactions were performed in triplicate using the Applied Biosystem StepOnePlus. Each reaction was performed in an individual well of a 96-well plate and made up to 20 μl containing 2--5 ng cDNA, 10 μl SYBR green (Applied Biosystems), 50--300 nM forward and reverse primer and H~2~O. Conditions for the PCR reaction were: 2 minutes at 50°C, 10 minutes at 95°C and then 40 cycles, each consisting of 15 seconds at 95°C and 1 minute at 60°C. See [supplementary material Table S3](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1) for a list of primers and sequence (all primers were supplied by Invitrogen).

Relative quantitation of gene expression was performed using a published method ([@b34-0060115]). In brief, comparisons were made between the number of cycles required for the fluorescence of a sample to reach a pre-determined threshold that lay within the exponential phase and above non-specific background. The relative ratio of gene expression was calculated as follows: $$\text{Relative}\,\text{ratio} = \frac{\left( \text{Etarget} \right)^{\text{DCt}\,\text{TARGET}\,{({\text{mean}\,\text{comparator} - \text{mean}\,\text{sample}})}}}{\left( \text{Eref} \right)^{\text{DCt}\,\text{REF}{({\text{mean}\,\text{comparator} - \text{mean}\,\text{sample}})}}},$$where Etarget is the reaction efficiency of the gene of interest, Eref is the reaction efficiency of the reference gene and DCt is the cycle difference between the comparator and the sample. All calculations are based on the mean value of PCR reactions performed in triplicate.

Flow cytometric analysis of FLK1, β~3~-integrin and RAET1γ
----------------------------------------------------------

Endothelial cells were grown to 65--80% confluency, washed with PBS and trypsinised for 2--3 minutes at 37°C. After detachment, cells were washed in medium containing serum, centrifuged at 1200 rpm for 3 minutes and washed with cold sample buffer (0.1% BSA in PBS). Fluorescein isothiocyanate (FITC) and phycoerythrin (PE) were used for antibody conjugation. Single-cell suspensions were incubated with anti-FLK1-FITC antibody (Pharmingen) and anti-β~3~-integrin-PE antibody (Pharmingen) in sample buffer (1:100). For expression of RAET1γ, cells were incubated with anti-RAET1γ-PE (clone CX1; BD Pharmingen) or PE rat IgG2b, κ isotype (BD Pharmingen) as isotype control in sample buffer (1:100), for 30 minutes at 4°C. After the incubation period, cells were washed three times and resuspended in a final volume of 400 μl of sample buffer. Samples were analysed for fluorescence using a Becton Dickinson FACSCalibur flow cytometer. For negative controls, IgG-matched isotype controls were used. See [supplementary material Figs S1 and S3](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1).

Caspase 3 and Ki67 staining
---------------------------

Frozen tumour sections were air-dried, rehydrated with PBS and fixed with ice-cold acetone for 10 minutes. Blocking buffer (1% BSA in PBS) was added to the sections for 30 minutes at room temperature then washed once with PBS. Sections were incubated with PE-PECAM (1:500; BD Pharmingen) and either Ki67 (1:100; Abcam) or Active-Caspase-3 (1:100; Cell Signaling Technology) overnight at 4°C. Sections were washed three times with PBS and incubated for 1 hour at room temperature with the relevant fluorescently conjugated secondary antibody. Sections were washed three times with PBS and mounted with Prolong Gold containing DAPI (Molecular Probes). See [supplementary material Fig. S6](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1).

Western blotting
----------------

Mouse lung endothelial cells were grown to 70--80% confluency and washed three times with ice-cold PBS and lysed in sample buffer (3% SDS, 60 mM sucrose, 65 mM Tris-Cl, pH 6.8). Lysed cells were then sonicated and spun at 13,500 ***g*** for 10 minutes at room temperature to remove insoluble material, and stored at −80°C. For western blots, β-mercaptoethanol (1:100) and Bromophenol Blue were added to the lysates. Lysates (10--20 μg) were subjected to SDS-PAGE and transferred to nitrocellulose membranes (Hybond ECL; Amersham Biosciences, Buckinghamshire, UK). Blots were blocked in blocking buffer (5% BSA, 0.1% Tween-20 in PBS) for at least 1 hour and probed for RPL29 with 1:5000 rabbit anti-RPL29 antibody. Densitometry was performed using a gel acquisition and analysis set-up (UV Products, Cambridge, UK). Band densities were normalised to HSC-70.

Western blot analysis of ERK phosphorylation
--------------------------------------------

For analysis of ERK1/2 phosphorylation following VEGF stimulation ([supplementary material Fig. S4](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)), PMT-endothelial cells were plated onto 6-cm dishes and grown in MLEC medium to 70% confluence, 2 days after transfection with *Rpl29* or scrambled siRNAs. For VEGF stimulation, cell medium was removed, cells were rinsed twice with PBS and incubated in serum-free Opti-MEM for 1 hour at 4°C. VEGF at 30 ng/ml was added to one plate and PBS in control for 30 min at 4°C. Finally cells were incubated at 37°C for 10 minutes, rinsed once with PBS and lysed in sample buffer. Lysates (20 μg) were subjected to SDS-PAGE and transferred to nitrocellulose membranes (Hybond ECL; Amersham Biosciences) for western blotting. Blots were probed for RPL29 expression with rabbit anti-RPL29 antibody (a gift from C.B.K.-S) and ERK expression and phosphorylation with total-ERK1/2 and phosphorylated ERK1/2 antibody (Cell Signaling Technology). HSC-70 was used to determine the equality of protein loading. Densitometry was performed using a gel acquisition and analysis set-up (UV Products, Cambridge, UK). RPL29 band density was normalised to HSC-70, and the phosphorylated ERK1/2 band was normalised to total ERK.

Ex vivo aortic ring assays
--------------------------

Thoracic aortae were isolated from 6- to 9-week-old adult mice and prepared for culture as described previously ([@b31-0060115]). However, because *Rpl29*-null mice died at birth we used E18.5 embryonic aorta from wild-type, *Rpl29*-heterozygous and *Rpl29*-null E18.5 embryonic littermates. Aortic ring assays were done either with or without siRNA transfection. For those undergoing siRNA treatment, 1-mm-thick rings were transfected in 1 ml of Opti-MEM medium with the indicated siRNA 'smart' pool duplexes (at a final concentration of 100 nM) using Oligofectamin (Invitrogen). Transfections were performed in 24-well plates with =24 rings per well. For real-time PCR, aortic rings were removed after 48 hours and RNA was extracted to make cDNA ([supplementary material Fig. S8](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009183/-/DC1)).

Microvessel growth on aortic rings was quantified after 5--10 days. After maximum sprouting capacity was achieved, aortic rings were fixed and stained with BS1-lectin as described ([@b37-0060115]), and visualised either with an epifluorescence Zeiss Axioplan microscope (Carl Zeiss, Welwyn Garden City, UK), or by confocal LSM510META microscopy (Carl Zeiss).

Mouse tumour transplantation and bioluminescence
------------------------------------------------

Lewis lung carinoma cells containing firefly luciferase (0.5×10^6^) were subcutaneously implanted into ten wild-type and ten *Rpl29*-heterozygote 7- to 9-week-old male C57Bl6 mice. Animal welfare was monitored daily and two-dimensional measurements of tumour growth were taken every 2--3 days with callipers during the growth period. Tumour volume was calculated using the following formula: tumour volume (mm^3^) = length × width^2^ × 0.52, where 0.52 is a constant used to calculate the volume of an ellipsoid. For luminescence measurement of tumour growth, mice were injected intraperitoneally with 150 μl D-Luciferin (150 μg/ml) every 2--3 days. After 10 minutes, mice were anaesthetised in a chamber containing oxygen, nitrous oxide and isoflurane. Mice were imaged using the Xenogen IVIS Lumina Imaging System (Caliper Life Science) and data collected as an average of photons per second per square centimetre per steradian (p/s/cm^2^/sr). After 16 days, mice were injected intraperitoneally with 60 mg/kg pimonidazole hydrochloride (Hypoxyprobe) 60 minutes before the mice were killed. The tumours were collected and one half of each tumour sample was snap-frozen and the other half was fixed in 4% paraformaldehyde for histological analysis.

Histological analysis
---------------------

Immunostaining of frozen mouse tumour sections to detect blood vessels with CD31 antibody was performed as described ([@b39-0060115]) and the samples mounted with ProLong Gold anti-fade reagent with DAPI (Invitrogen). For detection of the hypoxic region within tumours, sections were immunostained with hypoxyprobe-1 monoclonal antibody IgG-FITC (hypoxyprobe) against pimonidazole by following the manufacturer's instructions. Blood vessel density was presented as number of blood vessels per square millimetre, and the area of the hypoxic region measured. Midline sections were taken from age-matched, size-matched tumours and analysed using the Zeiss Axioplan microscope (Carl Zeiss).

RPL29 immunostaining of endothelial cells
-----------------------------------------

Cells were grown on coverslips, washed with PBS, fixed with 4% (w/v) paraformaldehyde, and permeabilised after fixation with 0.2% (v/v) Triton X-100 containing 5% (w/v) BSA in PBS for 30 minutes. Cells on coverslips were incubated overnight in blocking buffer of PBS containing 10% (w/v) BSA and 0.15% (v/v) Tween-20. Immunostaining of RPL29 was achieved using rabbit polyclonal antisera to anti-HIP/RPL29 peptide 43--53 ([@b14-0060115]) at 37°C for 1 hour at 1:50 dilution in blocking buffer. After appropriate washes, the secondary Alexa-Fluor-488-conjugated anti-rabbit IgG antibody (Invitrogen) was added at 37°C for 40 minutes at a 1:200 dilution in the presence of Alexa-Fluor-568-conjugated phalloidin (1:50 dilution in blocking buffer) to stain for skeletal F-Actin (Sigma). Slides were washed twice in PBS and once in water. Coverslips were mounted with ProLong Gold antifade reagent with DAPI and analysed using the Zeiss Axioplan microscope (Carl Zeiss).

FACS analysis of surface expression of RPL29
--------------------------------------------

Endothelial cells were grown to 65--80% confluency, washed with PBS and trypsinised for 2--3 minutes at 37°C. After detachment, cells were washed in medium containing serum, centrifuged at 185 ***g*** for 3 minutes, and washed with cold sample buffer (0.1% BSA in PBS). Single-cell suspensions were incubated with anti-RPL29 antibody (1:100 in sample buffer) for 30 minutes at 4°C. Cells were washed three times in sample buffer and incubated with anti-rabbit Alexa Fluor 488 (Invitrogen) secondary antibody (1:100 in sample buffer) for 30 minutes at 4°C. After the incubation period, cells were washed a further three times and resuspended in a final volume of 400 μl of sample buffer. Samples were analysed for fluorescence using a Becton Dickinson FACSCalibur flow cytometer. For the negative control, rabbit serum was used.

Statistical analysis
--------------------

Except where noted, data are presented as means ± s.e.m. Significance of differential gene expression between samples used in the Illumina Bead array were evaluated using false discovery rate controlled *P*-values using Benferroni correction. All other significant differences were evaluated using the Student's *t*-test; *P*=0.05 was considered statistically significant.
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